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ABSTRACT: In both frontal and stratified water of the Strait of Georgia, changes in dissolved nitrogen
concentrations provided evidence for the simultaneous uptake of ammonium, nitrate and urea by a
summer phytoplankton community. Chlorophyll a specific uptake rates of ammonium and urea were ca
2 and 2.4 times greater in stratified water than in frontal water, whereas chlorophyll a specific nitrate
uptake rates were ca 1.6 times greater in frontal water. Ammonium and urea regeneration rates,
calculated using a mass balance approach, were similar in frontal water, but urea regeneration rates
were 2 to 5 times greater in the stratified water during the first 12 h of the experiment. Increases in
particulate nitrogen could not be accounted for by corresponding decreases in total concentration of
dissolved inorganic nitrogen and urea, or by >N accumulation in the particulates. In frontal water the
change in total dissolved inorganic nitrogen and urea consistently overestimated the change in
particulate nitrogen, and in stratified water the change in total dissolved inorganic nitrogen and urea
consistently underestimated the change in particulate nitrogen. These data suggest that the plankton
community in frontal water was losing nitrogen in the form of dissolved organic nitrogen. By contrast,
the plankton community in stratified water took up nitrogen compounds which were not measured as
part of the total dissolved inorganic and urea nitrogen, but were most likely dissolved organic nitrogen
compounds. Results stress the importance of determining uptake rates of all 3 nitrogen substrates (NHZ,
NO; and urea) using !*N isotopes and by simultaneously measuring the change in concentration of
these compounds throughout the incubation period.

INTRODUCTION

Shallow sea fronts, areas of high primary productiv-
ity (Pingree et al. 1975, Parsons et al. 1981, 1983,
Holligan et al. 1984), are located at the boundary
between mixed and stratified water. These regions are
characterized by having high phytoplankton biomass
in surface water with measurable concentrations of
dissolved nitrate, and a shallow pycnocline which
extends to the surface at the frontal boundary (e.g.
Simpson & Pingree 1978). In the Strait of Georgia, a
coastal basin off the west coast of Canada, several
tidally-induced frontal regions have been described
(Parsons et al. 1981).

The nitrogen dynamics of frontal regions have
received little attention. Floodgate et al. (1981) found
elevated rates of urea decomposition in frontal water,
relative to mixed and stratified water, which were
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concomitant with higher dissolved urea concentra-
tions. Furthermore, high rates of carbon and nitrate
uptake have been observed in the proximity of a front
by Parsons et al. (1984). Recently Holligan et al. (1984)
calculated that ammonium excretion by zooplankton
could account for >50 % of the potential phytoplank-
ton requirements on the stratified side of a front.
Clearly, additional information is required to under-
stand and describe the nitrogen cycling between dis-
solved and particulate components in these areas.

A surface transect normal to a frontal boundary pro-
gresses from high concentrations of dissolved nitrate
on the mixed side to nitrogen-deplete stratified water,
and thus represents a gradient of nitrogen availability
and phytoplankton nutritional states. Moreover, most
of the nitrogen demands of phytoplankton in nitrogen-
impoverished water are supplied by ammonium and
urea from regenerative processes, whereas in nitrogen-
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rich areas nitrogen compounds appear to be utilized at
rates proportional to their availability (e.g. Dugdale &
Goering 1967, McCarthy et al. 1977). Experiments
using laboratory cultures of phytoplankton have
demonstrated that the preconditioning nitrogen sub-
strate affects the response of phytoplankton to the
additions of different forms of nitrogen (Horrigan &
McCarthy 1981, 1982, Dortch & Conway 1984). Addi-
tionally, in nitrogen-starved phytoplankton, the ability
to take up nitrate may be lost and must be induced
(Dortch et al. 1982, review by Collos 1983, Parslow et
al. 1984b). These observations suggest that phyto-
plankton communities in frontal and stratified water
may differ in their response to perturbations of nitro-
gen by their preference for, and uptake rates of, diffe-
rent nitrogen substrates.

Previous nitrogen uptake experiments have involved
single end-point measurements of accumulated N-
labelled substrates in particulate matter over long time
intervals (Goldman et al. 1981, review by Harrison
1983). In theory these experiments provide important
information concerning daily rates of nitrogen utiliza-
tion as they invariably take into account diel patterns
of uptake (providing they are of 24 h duration). The
existence of uptake periodicity has been reported for
cyclostat cultures of Skeletonema costatum (Eppley et
al. 1971b) and Chaetoceros sp. (Malone et al. 1975),
and natural phytoplankton communities (e.g. Goering

et al. 1964, Eppley et al. 1970, 1971a, McCarthy &
Eppley 1972, Maclsaac 1978, Fisher et al. 1982).

The experiments presented in this paper were
designed to examine the time course of nitrogen
uptake by phytoplankton from nitrate-deplete
stratified water and nitrate-replete frontal water over a
24 h cycle. In conjunction, we examined the response
of the phytoplankton to additions of ammonium,
nitrate, and urea as a function of their nutritional past
history. From measurements of nitrogen uptake rate
using !°N isotope incorporation, and changes in the
concentration of dissolved nitrogen over time, we have
calculated regeneration rates of ammonium and urea.
We believe that this is the first publication of estimates
of urea regeneration rates by intact plankton com-
munities. Finally, we report discrepancies between
measured particulate nitrogen concentrations and
theoretical values based on changes in the concentra-
tions of dissolved inorganic nitrogen and urea. These
results are discussed within the current concepts of
nitrogen cycling in marine planktonic ecosystems.

METHODS
Three 24 h time course experiments were conducted

in the Strait of Georgia, B. C., Canada aboard the C. S.
S. ‘Vector' (July 1984); station locations for Time
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Fig. 1. Station locations for Time Course 1 (T3,
frontal station), Time Course 2 (A5, frontal sta-
tion) and Time Course 3 (T4, stratified station)
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Courses 1, 2 and 3 are shown in Fig. 1. At approxi-
mately 0900 h water samples were collected from a
depth corresponding to 50 % of the surface irradiance
using 51 PVC Niskin bottles and transferred intoa 201
Nalgene® carboy. Subsamples for nutrient analyses
were then filtered through combusted (460 °C for 4 h)
Whatman GF/F filters using an acid-washed syringe
and a 25 mm Millipore Swinex® filter holder. Samples
were gently filtered into acid-washed polyethylene
bottles and were analyzed immediately for dissolved
inorganic nitrogen (DIN) as ammonium (NH}) and
nitrate (NO3 + NO3}) and for urea concentrations. Alter-
natively, filtered samples were stored frozen (—20 °C)
and analyzed within 24 h. NH} and NOj; + NO; were
measured with a Technicon Autoanalyzer®II following
the procedures outlined in Slawyk & Maclsaac (1972)
and Wood et al. (1967), respectively. Urea was deter-
mined by the diacetyl monoxime thiosemicarbizide
technique described by Price & Harrison (unpubl.).
Duplicate samples for chlorophyll a (chl a) (coefficient
of variation, CV, = 44 £4.1 %; 5 data pairs) were
collected on Whatman GF/F filters and stored frozen in
a desiccator. Chl a was extracted in 90 % acetone and
analyzed by in vitro fluorometry (Strickland & Parsons
1972) using a Turner Designs model 10 fluorometer.
Particulate organic carbon and nitrogen (POC & PON})
(CV=52+48% and 3.8 £4.1 %; 7 data pairs), col-
lected on combusted Whatman GF/F filters, were
stored similarly and analyzed later with a Perkin Elmer
model 240 elemental analyzer. Vertical profiles of
temperature and salinity were obtained from continu-
ous profiles, run prior to bottle sampling, using an
Interocean CTD system and in vivo fluorescence was
measured simultaneously with a Turner model 111
fluorometer. Incident solar irradiance (P.A.R.) was
monitored continuously with a Lambda Instruments LI-
185 light meter equipped with a LI-190S Surface
Quantum Sensor, and subsurface light measurements
were determined with a LI-192S Underwater Quantum
Sensor. Phytoplankton species samples (250 ml} were
preserved in Lugol's solution and 10 ml subsamples
were settled and counted on an inverted microscope;
100 ml subsamples were examined for microzoo-
plankton.

Within 1 h of collection, water was transferred into
500 ml Wheaton glass bottles (clear: light bottles, or
darkened with black tape: dark bottles) with teflon-
lined caps and saturating additions of either **NH,C],
Nal>NO; or CO(*NH,), (all 99 at % SN) were added.
In Time Course 1, 2 ug-at N17! of >’NOj or CO(**NH,),
was added and in Time Courses 2 and 3, 6 ug-at N1~!
of ’'NHJ, NOj; or CO(**NH,), was added. The preci-
sion (£ 1 SD) of our nutrient determinations for the
time-zero samples was + 0.09 ug-at N17! (n = 5) for
NHI, £ 0.07 pg-at N17! (n = 5) for NO; and + 0.02 ug-

at N17! (n = 4) for urea. Light and dark bottle uptake
rates of each nitrogen substrate were measured over
the time course and all sample bottles were mixed
hourly. Time-zero samples for dissolved nitrogen were
withdrawn immediately and analyzed for NHj, NO;j
and urea concentrations in all bottles. Incubations
were conducted under natural light in clear Plexiglas®
deck incubators, cooled with surface seawater and
covered with neutral density screening to simulate the
irradiance at the 50 % light depth. At 3 h intervals
particulate matter, from duplicate samples, was col-
lected by filtration (<125 mm Hg) onto combusted
Whatman GF/F filters and stored frozen in a desiccator.
Samples for dissolved nitrogen concentrations were
taken concurrently and those for chl aand POC & PON
every 6 h. It is important to note that samples were
taken from randomly selected incubation bottles and
that chl a and POC & PON samples were taken from
bottles distinct from those analyzed for >N atom %
excess in particulate matter and dissolved nitrogen
concentrations.

Nitrogen in the particulate samples was converted to
N, (g) by the micro-Dumas dry combustion technique
as described by La Roche (1983) and then analyzed for
15N enrichment with a JASCO model N-150 emission
spectrometer (Fiedler & Proksch 1975). Nitrogen
uptake rates were calculated according to the equa-
tions of Dugdale & Goering (1967) and are presented as
nitrogen-specific (h~!) and absolute (ug-at N17' h™1)
rates. The ratio of nitrogen uptake in the dark bottle
(continuous darkness) to that in the light bottle
(exposed to the natural light cycle) (Vp:V)) is also
reported. Ammonium and urea regeneration rates (d)
have been determined using the approach of Fisher et
al. (1981). These rates were calculated using the Black-
burn-Caperon equation (Blackburn 1979, Caperon et
al. 1979) d = AP/t +i, where AP = change in con-
centration of NH} or urea (ug-at N17') over time inter-
val t (h), and i = nitrogen uptake rate (ug-at N1 "' h~1)
calculated from N accumulation in the particulate
matter (Dugdale & Goering 1967). Disappearance
uptake rates (V9) have been calculated from the
change in concentration of dissolved nitrogen per unit
time (AP/t) and, like the nitrogen-specific and abso-
lute N uptake rates (V'), are reported for the time
intervals over which they have been calculated.

RESULTS

The vertical profiles of temperature, relative in vivo
chl a fluorescence, and NOj concentration for the fron-
tal water stations (Time Course 1 [T3]; and Time
Course 2 [A5]) showed almost identical trends with
depth; thus only the synoptic profile of Time Course 2
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Fig. 2. Depth profiles of temperature, in vivo fluorescence,
and NOj concentration. (A) Frontal station A5, Time Course
2. (B) Stratified station T4, Time Course 3

is presented (Fig. 2A). Throughout the Results and
Discussion, reference to frontal water pertains to Time
Course 2 unless specified otherwise. We will refer to
the results of Time Course 1 only briefly because of the
paucity of data. The diagnostic features of the frontal
water were the shallow thermocline and high fluores-
cence at the depth of the nitracline (3 to 7 m). Time

Course 3 was conducted in stratified water at Station
T4 and the depth profile (Fig. 2B) demonstrated a
subsurface fluorescence maximum (ca 10 m) which
was overlain by nitrate-depleted mixed water. A sum-
mary of the initial biomass data and environmental
conditions for each station is given in Table 1.

The species composition of the phytoplankton com-
munity in the frontal and stratified water was very
different (Table 2). In the frontal water large chain-
forming diatoms of the genus Chaetoceros formed
aggregates (= 1 mm) which contained some pennate
diatoms belonging to Navicula spp. and Nitzschiaspp.
The size of the diatom flocs prevented us from screen-
ing the water samples through Nitex® netting (in order
to minimize macrozooplankton predation during incu-
bations), and therefore, to remain consistent, none of
the water samples were screened. Small flagellates (<
5 um) were the most common phytoplankton in the
stratified water. Chaetoceros spp., C. socialis and
Skeletonema costatum were the most abundant of the
diatoms whereas dinoflagellates were almost exclu-
sively Gymnodinium spp. Water samples were not
originally taken for zooplankton species enumeration,
however the abundance of these organisms, as seen in
the phytoplankton samples, suggested that they could
have been important grazers and nitrogen remineraliz-
ers. As a first approximation we have determined the
numbers and types of these organisms in our samples
(Table 2).

Table 1. Initial environmental conditions of seawater collected for time course experiments

Station Description Time Date Starting Sample Dissolved nutrient Chlorophyll PON POC
and course time of depth concentration a (ug-at N 17') (ug-at C 17
location experiment incubation  (m) NH; NO3 Urea (ug 1)
(local time) (ug-at N 1)
T3 49°50'42"" N Frontat 1 24 Jul 1984 0730 2 - 2.99 0.18 6.55 14.8 106
125°00°54"" W C:N=72"
A5 49°53'02"" N Frontal 2 28 Jul 1984 1000 3 0.27 4.55 0.60 2.12 7.28 47.3
125°05'48"" W C:N =65
T4 49°55'30"" N Stratified 3 29 Jul 1984 0800 3 0.19 <05 033 0.39 3.57 31.4
124°55'30" W C:N =838
* By atoms
Table 2. Plankton community composition in frontal and stratified water
Station Phytoplankton (108 cells 1) Zooplankton (I71)
Diatoms Dinoflagellates Flagellates Tintinnids Calanoid Ciliates excl.  Others!
copepods tintinnids
Frontal A5 2.3 0.023 1.6 470 50 730 280
Stratified T4 0.43 0.049 1.6 180 60 140 300

! 50 to 60 % were Noctiluca sp., the remainder were Oikopleura sp. and unidentified zooplankton
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During the time course experiments we measured
changes in the concentration of dissolved NHf, NO3
and urea and followed the incorporation of '*N-label-
led nitrogen into the particulate matter. Both
approaches yield different information concerning ni-
trogen utilization by the phytoplankton. Changes in
dissolved nitrogen concentration represent net com-
munity flux of that nutrient and encompass regenera-
tive and uptake processes. By contrast, '>N-isotope
accumulation gives a measure of the gross uptake by
the phytoplankton providing there is no recycling of
5N, and '*N enrichment remains constant. Results
from Time Course 2 {frontal water) and Time Course 3
(stratified water) experiments are shown in Fig. 3 and
4, respectively. Data from Time Course 2 demonstrate
multiple nitrogen substrate utilization by phytoplank-
ton; specifically for NH}, NO3 and urea (Fig. 3C, E)
and NOj and urea (Fig. 3G). The high ambient NO3
concentration in the frontal waters enabled us to deter-
mine the disappearance uptake rates of NOj3 in the
NHj and urea-spiked samples. Disappearance uptake
rates for nitrate were similar in the presence (V§_g, =
0.521 pg-at N 17! h™1) and absence (V§_g, = 0.567 ug-
at N 17! h™Y) of urea but were reduced in the NHj
spiked samples (V§_g, = 0.267 ug-at N17' h™"). The
1’N-urea atom % accumulation rate was constant over
the first 15 h, but prior to the end of the dark period it
increased and remained linear until the end of the
incubation (Fig. 3F). The increase in urea uptake rate
coincided with the depletion of external NO3,
moreover the change in urea concentration was mini-
mal (Fig. 3G) over the first 6 h, when NO3 concentra-
tions were high (4.55 to 1.4 ug-at N 171) and NO3 was
being taken up. ’'N-NO3 and N-NH] incorporation
was non-linear with time, however substrate exhaus-
tion did not occur until the 21 to 24 h time interval.

Time Course 1 was conducted in phytoplankton-rich
water and NOj3 depletion occurred in less than 3 h.
Nitrogen-specific uptake rate of NO3 (\j_3, = 0.070
h™1) was the highest of any nitrogen substrate mea-
sured in all time course experiments. The disappear-
ance uptake rate over the same time interval (V§_4,)
was 1.35 pg-at N 17! h™!, and using a time averaged
particulate nitrogen, calculated from the amount of
NO3 taken up and the initial measured particulate
nitrogen, the nitrogen-specific uptake rate (Vii, =
0.081 h™!) was in fair agreement with the rate deter-
mined by "N uptake. As a consequence of substrate
exhaustion both techniques yielded rates which were
underestimates. Simultaneous uptake of NO3 and urea
was evident in the urea-spiked samples and the max-
imum disappearance rate of urea (V{_g, = 0.314 ug-at
N 17! h™!) was less than the NOj rate (V§_g, = 0.441
ug-at N1-1h1),

The pattern of ®*N uptake by the phytoplankton in

the stratified water was similar in the NH}, NO3 and
urea-spiked samples (Fig. 4B, D, F). Uptake was linear
over the first 9 to 12 h and was subsequently reduced
during the dark period and increased again in the
early morning. Substrate depletion did not occur in
these experiments and utilization of nitrogen was
minimal in the NHJI, NO; and urea-spiked samples
(23, 18 and 10 %, respectively).

Clear indications of urea regeneration, and to a lesser
extent NHj regeneration, were evident from increases
in their concentrations over the time course in all 3
experiments (Fig. 4C, E, G). Furthermore, the pattern
of NH{ and urea production in the samples suggested
that there was a peridocity in uptake and/or regenera-
tion processes. Similar results were seen in Time
Course 2 {Fig. 3C, E, G} particularly for urea produc-
tion over the 15 to 21 h time interval. Results from both
frontal and stratified time course experiments demons-
trate that simultaneous utilization of 2 or more nitrogen
substrates occurs even when the concentration of one
of the nitrogen substrates (NHf, NOj3 or urea) is in
excess of the other(s) and indicates that such a
phenomenon may naturally occur in these com-
munities. The pattern of ®N-labelled NHJ, NO3 and
urea uptake rates suggests the existence of a diel
periodicity in nitrogen uptake in both frontal and
stratified water (Fig. 5). The decrease in uptake of NHj
and NOj3 from 21 to 24 h in Time Course 2 was due to
substrate exhaustion (see Fig. 3C, E). In the frontal
community, uptake rates of NO3 were greatest
throughout the time course, and there was significant
dark uptake of NO3. In comparison, NH} uptake rates
were highest in the stratified community and NO3 and
urea uptake rates were similar but of a lesser mag-
nitude. Additionally, in both time courses there was a
tendency for nitrogen uptake rates to increase prior to
the onset of the light period and this was most evident
in the urea-spiked samples.

Uptake rates normalized per unit chl a showed that
NH; and urea uptake were on average 2 and 2.4 times
higher in the stratified water, whereas NO3 uptake
rates were on average 1.6 times higher in frontal water
(Table 3). Chl a specific uptake rates for each nutrient,
when compared between stations, were most similar
over the dark period (12 to 18 h) and the greatest
disparity was found over the first 6 h.

The >N uptake rate, disappearance uptake rate and
the rate of change of the PON calculated from the
difference between measured values are presented in
Fig. 6. All rates were calculated over 6, 12, 18, and 24 h
time intervals, and this approach has been taken,
rather than calculating the rates over successive 6 h
intervals, to minimize fluctuations due to sample varia-
bility. Comparison of data from the frontal station indi-
cates that in the NH} and urea-spiked samples the rate
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Fig. 5. Nitrogen-specific uptake rates of NH{} (s), NO3 () and
urea (&) in (A) frontal and (B) stratified water. Rates deter-
mined for 3 or 6 h intervals; each peint indicates a rate
calculated over the time interval between it and the next
point on the curve. Shaded area on the abscissa delimits the

dark period

of change of the particulate nitrogen is greater than the
accumnulation of N or the disappearance of either
nutrient (Fig. 6A, C). In the NO3 spiked samples (Fig.
6B) the rate of nitrate uptake as determined by the
disappearance of NOj3, the incorporation of N-NO3
and the change in PON are similar. A general feature

Table 3. Chlorophyll a specific uptake rates of NH}, NO3 and
urea in frontal (A5) and stratified (T4) water. The dark period
occurs during the 12 to 18 h time interval

Nitrogen  Time interval Chl a specific N-uptake rate
substrate (h) [ug-at N (ug chl a)™! h!]
Frontal stn  Stratified stn
NH; 0- 6 0.091 0.261
6-12 0.060 0.133
12 - 18 0.025 0.030
18 — 24 0.028 0.047
NO3 0- 6 0.162 0.098
6-12 0.075 0.082
12 -18 0.042 0.019
18 — 24 0.068 0.039
Urea 0- 6 0.040 0.127
6—12 0.028 0.125
12 -18 0.026 0.019
18 — 24 0.050 0.053
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Fig. 6. Nitrogen uptake rates determined by N ¢ 018

atom % excess accumulation in the particulates =
(¢), change in dissolved nitrogen concentration 5 oue

(9) and by change in the particulate nitrogen

concentration (&) over 6, 12, 18 and 24 h time w0086

intervals. (A) NH}, (B) NOj, and (C) urea- =
spiked samples in frontal water and (D) NH}, 3 0

(E)} NO3 and (F) urea-spiked samples in 2
stratified water 0.06
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Fig. 3. {Opposite, left). Time course measurements at frontal
station (A5), Time Course 2. (A} Daily incident irradiance
under which experiment was conducted. (B, D, F) >N atom %
excess in particulate matter for light and dark bottle incuba-
tions following addition of 6 ug-at N1~! of (B) NH7, (D) NO3
and (F) urea (error bars represent the range of duplicates). (C,
E, G) Corresponding measurements of dissolved NHJ (o),
NOj3 (°) and urea (2) in (C) NH}, (E) NOj, and (G) urea-
spiked samples. Dashed line indicates no measurements of
dissolved urea at 3 and 6 h

Fig. 4. {Opposite, right). As Fig. 3 except at stratified station
(T4), Time Course 3

TIME INTERVAL (h)

of the data from the stratified station is the more rapid
change in PON than the N uptake or disappearance
uptake rates (Fig. 6D, E, F). Furthermore, the disap-
pearance rates of NHf and urea are consistently less
than the *N uptake rates.

The ratio of dark to light **N uptake rate (Vp:Vy) for
NH{, NO; and urea is given in Table 4. At both
stations, NHJ dark uptake rates were a significant
fraction of the light uptake rates throughout the entire
time course. The Vy: V| for NH} in frontal water was
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Table 4. Ratio of dark to light uptake rates (Vp : V) of NH},
NO3 and urea for frontal and stratified water

Station Time interval NH} NO3 Urea
(h) Vp:Vy Vp:Vp Vp: 'V
Frontal T3 0- 6 - - 0.81
6 - 11 - - 0.37
11 -18 - - 0
18 — 24 - - -
Frontal AS 0- 6 0.37 0.08 0.60
6—12 0.39 0 0
12 -18 0.37 0 0
18 — 24 0.39 0 0
Stratified T4 0- 9 0.58 0.18 0.66
9-18 1.02 0.60 0.24
18 — 24 0.52 0 0.06

constant (38 %) and was less than the ratio in stratified
water (52 to 102 %). Initial dark rates of urea uptake
were 60 to 81 % of the light rates in all 3 time course
experiments. Dark urea uptake in the stratified water
was always a measurable fraction of the light rate and
appeared less light dependent than in both frontal
stations. The light dependency of NOj3 uptake was
more similar to that of urea than ammonium in both
stratified and frontal water.

The regeneration rates of NH} and urea in the fron-
tal water were similar (Table 5). Note that the change

in substrate concentration was much greater than the
15N uptake rate over the 18 to 24 and 6 to 12 h time
periods for NH}f and urea, respectively. As a result,
negative rates of regeneration have been calculated. A
consistent pattern was seen for the calculated values of
NH} and urea regeneration rates in stratified water.
The disappearance rates of both nutrients surpassed
the >N uptake rates in the 12 to 18 and 18 to 24 h time
intervals. Urea regeneration rates were approximately
5 and 2 times greater than the corresponding NHj
regeneration rates for the first two 6 h intervals.

We have calculated the change in the PON over 6,
12, 18 and 24 h time intervals for each set of nitrogen-
spiked samples (Table 6). By way of comparison the
change in the total DIN and urea (APz) over the same
time interval and the amount of nitrogen accumulated
in particulate matter (Vi) as determined by *N atom
percent excess data are reported. The results indicate
that the frontal and stratified communities were very
different. The change in AP; in the frontal water
samples consistently overestimated the change in the
PON for all 3 nutrients. However, the opposite is true
in the stratified water samples where the change in
PON was always greater than APy, Summation of the
5N accumulation in the particulate matter over time
indicates that this nitrogen contribution cannot
account for the change in the particulate nitrogen
except in the NOj3 spiked time course in frontal water
and the NH{ spiked time course in stratified water.

Table 5. Regeneration rates of NH} and urea in frontal and stratified water

Station Nitrogen Time Change in concentration  '*N-uptake rate Regeneration rate?
addition interval of added nitrogen! (ug-at N1-1 h) (ug-at N17* h)
(k) (ug-at N1 h7)
Frontal A5 NH} 0- 6 177 224 .047
6-12 206 232 .026
12 - 18 .086 141 055
18 - 24 420 174 —.246°
Urea 0- 6 .040 .094 .054
6-12 .398 .093 —.305°
12 - 18 116 132 016
18 — 24 .287 .308 021
Stratified T4 NH7 0- 6 .085 103 .018
6-12 .052 073 .021
12 - 18 .039 .025 —.014°
18 — 24 074 .053 -.021°
Urea 0- 6 .044 .050 .094
6—-12 .023 .066 .043
12 - 18 .026 014 —.012°
18 — 24 .088 .050 —.033"
! Equivalent to V¢; negative value indicates an increase in substrate concentration over the incubation period
2 Regenerative fluxes were calculated using a mass balance approach; see ‘Methods’
* Indicates that disappearance of dissolved nutrient was greater than uptake rates calculated from N
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Table 6. Changes over time in measured DIN and urea concentration (aP), particulate nitrogen (aPON), and amount of
15N-nitrogen accumulated in the particulate matter (£V4) in frontal and stratified water

Station Nitrogen Time interval APy 2,PON TV
addition (h) (ug-at N1-1) (ng-at N1-1) (ng-at N1
Frontal A5 NH; 0- 6 3.51 1.94 1.38
0-12 579 4.86 2.76
0-18 5.59 7.24 3.62
0-24 10.10 8.19 4.67
NO3 0- 6 3.41 2.66 2.58
0-12 5.36 4.99 4.27
0-18 7.74 5.58 5.46
0-24 10.58 9.18 7.82
Urea 0- 6 3.21 2.97 0.57
0-12 6.56 3.65 1.13
0-18 7.70 5.13 1.93
0-24 9.62 7.60 3.79
Stratified T4 NH} 0- 6 —0.01 0.98 0.62
0-12 0.58 1.01 1.06
0-18 0.66 1.42 1.21
0-24 1.51 1.47 1.53
NO3 0- 6 —1.08 0.21 0.23
0-12 0.01 1.28 0.51
0-18 0.16 1.55 0.61
0-24 0.65 1.66 0.85
Urea 0- 6 —0.24 0.57 0.29
0-12 —0.08 1.15 0.69
0-18 0.08 1.19 0.78
0-24 0.59 1.60 1.08
! Calculated from the change in concentration of DIN and urea; negative values indicate net production
2 Measured change in particulate nitrogen
3 Amount of nitrogen accumulating in the particulate matter, calculated from the *N atom % excess

DISCUSSION
Experimental considerations

In these experiments, saturating additions of each
nitrogen compound (NH}, NOj; and urea) were
required to ensure that substrate exhaustion did not
occur during the time course. We chose this approach
rather than collecting water samples at various times
and determining in sifu rates of nitrogen uptake, in
order to eliminate potential complicating factors such
as diel migration of phytoplankton (Blasco 1978), sur-
face water advection and problems associated with
adding tracer amounts of 1*N-substrate (Goldman et al.
1981, Glibert et al. 1982b). Therefore our rates of nitro-
gen uptake are potential rates (with the exception of
NOj; uptake in frontal stations) as they will only be
realized under conditions where the nitrogen substrate
concentration is elevated to a level sufficient to satu-
rate the uptake system. Empirical observations, such as
deep water injection (Walsh et al. 1977), soliton enrich-

ment (Holligan et al. 1985), diel migratory behavior
(Cullen & Horrigan 1981), phytoplankton sinking
(Bienfang et al. 1982) and patchy excretion (Lehman &
Scavia 1982) plus theoretical considerations (McCar-
thy & Goldman 1979, Parslow et al. in press) lend
credence to this approach. More importantly we have
been able to derive additional information concerning
the physiological state of, and the nitrogen cycling
within, the plankton community of these 2 types of
coastal ecosystems.

Simultaneous uptake of nitrogen compounds

Simultaneous utilization of NHY{ and NOj3 is well
documented (Collos & Lewin 1974, Eppley & Renger
1974, Bienfang 1975, Conover 1975, Caperon &
Ziemann 1976, Conway 1977, Maestrini et al. 1982)
and our results not only demonstrate dual nitrogen
substrate utilization but that NH}, NO3 and urea may
be taken up concurrently. As pointed out by Collos
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(unpubl.) multiple nitrogen substrate utilization will
result in a reduction of the nitrogen-specific uptake
rate of the 'N-labelled compound compared to the
nitrogen-specific uptake rate determined when only
the N-labelled compound is being taken up. We have
calculated our absolute uptake rates using the final
PON, determined at the end of an incubation, which
gives an accurate measure of the uptake rate of the
15N-labelled nutrient into the phytoplankton and
avoids potential artifacts caused by the incorporation
of non-*N-labelled nitrogen. Recently Maestrini et al.
(1982) demonstrated that microalgae of oyster ponds
took up NHf and NOj at the same rate once the NH}
concentration had decreased to ca 7 pg-at N17'. Our
results from the frontal community demonstrated the
similarity of NH} and NOj3 disappearance uptake rates
in the NHY spiked samples. However, the NOj disap-
pearance uptake rate was reduced by 50 % in the NHf
spiked samples as compared to the NOj3 spiked sam-
ples. Similar NHf suppression of NO3 uptake has been
reported for both laboratory (e.g. Conway 1977, Cress-
well & Syrett 1979) and natural phytoplankton assem-
blages (e.g. Blasco & Conway 1982). NO3 and urea
uptake interactions from 2 time course experiments in
frontal water are contradictory. In Time Course 1 there
was a 70% reduction in the NOj3 disappearance
uptake rate in the presence of urea, but the NO3
disappearance uptake rate was unaffected or slightly
enhanced in the presence of urea in Time Course 2.
The reasons for this discrepancy are not apparent,
nonetheless variation in phytoplankton community
structure, relative growth rates and internal nitrogen
status may be important differences between the 2
stations. These variables have been identified as
affecting uptake interactions among nitrogen com-
pounds {Dortch & Conway 1984). In Time Course 2 the
apparent slow disappearance uptake rate of urea, over
the first 6 h, may be explained by regeneration of urea
over this period. Alternatively, McCarthy & Eppley
(1972) have reported NOj3 inhibition of urea uptake in
natural seawater samples. Irrespective of the concent-
ration of NH}, NOj3 or urea (< 6 pg-at N I71), phyto-
plankton in both the frontal and stratified water are
capable of utilizing low concentrations of regenerated
nitrogen (NHj} and urea).

Variations in nitrogen uptake rate

Our sampling intervals were long relative to phyto-
plankton rapid uptake responses seen in the laboratory
(Conway et al. 1976, Parslow et al. 19844, b) and the
field {e.g. Glibert & Goldman 1981) and thus we were
unable to detect short term variations in uptake rate.
Enhanced uptake of NH} and urea by NOj-sufficient

phytoplankton has been reported (Horrigan & McCar-
thy 1981, 1982, Parslow et al. 1984b) but in the light of
the slower long term rates of NH{ and urea uptake,
relative to NOj3 uptake in the frontal station, it appears
unlikely that such a process occurred on time scales
shorter than our measurements. On long time scales,
changes in uptake rate due to diel periodicity were
evident in our results. Bottle confinement effects have
been shown to lead to serious underestimates of rate
processes (Venrick et al. 1977) but the constant rates of
chl a and POC & PON synthesis indicate no such
artifacts in our experiments. Olson & Chisholm (1983)
have shown that cell division patterns of nitrogen-
limited phytoplankton cultures may be entrained by
NH{ pulses. Although our samples were spiked with
saturating additions of each nitrogen compound, we
have evidence from an earlier cruise in the Strait of
Georgia (August 1983) of uptake periodicity at
ambient concentrations of dissolved nitrogen (Parslow
et al. unpubl.). Uptake periodicity was also evident in
nitrogen-sufficient frontal water.

Effects of light/dark regime on nitrogen uptake

The constancy of Vp:V, for NH} in frontal water,
when NHY uptake rates of phytoplankton exposed to
the natural light/dark cycle were periodic, suggests
that NH{ uptake is circadian; in absence of the light/
dark cycle the rhythm is free running (see Chisholm
1981). This conclusion is supported by Goering et al.
(1964) who found rhythmic variation in both NHJ and
NO3 uptake by natural communities under continuous
light. Our results for NO3 and urea demonstrate their
dependency of uptake on light and in this respect both
nutrients are comparable. The light dependence of
uptake of both nutrients is well established (Maclsaac
& Dugdale 1972, Mitamura & Saijo 1975, 1980, Webb &
Haas 1975, Harvey & Caperon 1976, Nelson & Conway
1979). Other reports have shown that nitrogen-dep-
rived phytoplankton have higher dark uptake rates of
nitrogen than nitrogen-replete phytoplankton (e.g.
Syrett 1962, Eppley & Coatsworth 1968, Malone et al.
1975, Rees & Syrett 1979). In our results dark nitrogen
uptake rates normalized to chl a were highest in the
nitrogen-depleted stratified water in agreement with
these observations; also, relative to the frontal com-
munity, dark uptake rates were a greater proportion of
the light rates for NH;, NO3; and urea in stratified
water. The higher chl a specific uptake rates of NH}
and urea in stratified water and of NOj in frontal water
are consistent with the way we envisage nitrogen sup-
ply to these areas. Specifically, regenerated nitrogen
(NHZ and urea) has been shown to supply most of the
phytoplankton nitrogen demand in nitrogen-depleted
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waters and as the concentration of ambient NOj
increases so does the relative importance of NOj3 for
the phytoplankton nitrogen ration (e.g. McCarthy et al.
1977, Harrison 1980, Glibert et al. 1982a, Cochlan in
press).

NH} and urea regeneration

Our estimates of NHf regeneration are in agreement
with previously published rates for coastal waters (0.01
to 0.31 ug-at N171) (Caperon et al. 1979, Cochlan 1982,
Glibert 1982, Glibert et al. 1982b, Paasche & Kristian-
sen 1982, La Roche 1983). The method we have used to
calculate regeneration rates is inferior by comparison
to the isotope dilution method (Blackburn 1979, Cape-
ron et al. 1979). However, unlike experiments employ-
ing trace additions of °N, the concentration of regen-
erated nitrogen was small relative to the added N
substrates, and thus the !N enrichment factor
remained constant over the incubation. The rates of
urea regeneration are of similar magnitude to the NHj}
regeneration rates and are comparable in both com-
munities. These experiments have enabled us to quan-
tify urea regeneration by an intact plankton commun-
ity and therefore these results are an improvement over
previous attempts which have quantified urea produc-
tion by species, or size fractioned assemblages, of
zooplankton. The patterns of NH} and urea production
over the time course experiments indicate a periodicity
which is not a result of reduced uptake rates. This
corroborates data of Caperon et al. (1979) and Glibert
(1982) who reported higher rates of NH regeneration
at night and early morning. Additionally, Collos &
Lewin (1974} and Hattori (1982) have shown diel varia-
tions in dissolved NH{ concentration in coastal waters.
Unlike our dissolved nitrogen concentration measure-
ments our calculated regeneration rates do not show
this same periodicity since the time scales over which
they were calculated are much greater than these phy-
siological processes.

Regeneration of nitrogen has long been recognized
as a possible artifact in determining N uptake rates
(Dugdale & Goering 1967) and recently it has been
shown that these rates may be underestimated by a
factor of ca 2 when a constant >N atom % enrichment
is assumed (Glibert et al. 1982b). We have not cor-
rected our uptake rates for isotope dilution, as we will
now show regeneration of NHf and urea, in these
experiments, has little effect on uptake rates calcu-
lated with the initial enrichment, however, such a
process may dramatically effect the disappearance
uptake rates.

Initial additions of nitrogen were 6.0 ug-at 171, cor-
recting for background and purity of the substrate this
represents 5.92 pg-at >N 17!, When no regeneration
occurs and *N is conserved;

Pb=P, — V't (1)
and
P,— P
=V (2)
where P, and P, = initial and final concentrations of

dissolved nitrogen; V! = N uptake rate; t = time; and
disappearance uptake rate equals °N uptake rate. It is
obvious that large additions of >N to samples cause
the isotope enrichment factor (R) to be relatively insen-
sitive to additions of regenerated nitrogen. For exam-
ple, if R changes from 0.9394 to 0.8500 and we assume
that the pulse of regenerated *N (0.66 ug-at N 171) is
added immediately after time zero, disappearance
uptake rates will be underestimated by 62 % while *N
uptake rates will decrease by only 10%. Therefore
regenerative processes are of lesser consequence to
N-uptake rate calculations when the concentration of
15N is large; if the total concentration of dissolved
nitrogen becomes low, for example toward the end of a
time-course experiment, regeneration of *N will have
a greater effect on >N uptake rate calculations.

With this line of reasoning and as discussed earlier,
we have interpreted discrepancies between the disap-
pearance uptake rate and *N uptake rate as indicative
of regeneration. In the NHf and urea-spiked samples
from stratified water, regeneration is evident; how-
ever, the disappearance uptake rates are in closer
agreement with the >N uptake rates at the end of the
time course compared with the beginning {(Fig. 6). In
frontal water the discrepancies between disappear-
ance uptake rates of NHJ and >’NHJ uptake rates may
be adequately explained by regeneration; the excep-
tion is the final 6 h period where changes in dissolved
concentrations exceed N incorporation rates. The
urea disappearance rates are greater than N incorpo-
ration rates after the first 6 h, and the very fast disap-
pearance rates from 6 to 12 h make the 0 to 18 and O to
24 h rates high as well.

Particulate nitrogen balance

In a 2-compartment system consisting of DIN + urea
and PON, regardless of the flux rates between the 2
pools, changes in the concentration of 1 component
should be reflected by corresponding changes in the
other. Using this approach, nitrogen will be conserved
providing the system is closed. Additionally, by
including NH}, NO3 and urea as part of the dissolved
nitrogen pool we are able to account for circumstances
when regenerated nitrogen differs from the assimi-
lated form. The corollary of this is that the regenerated
nitrogen is in the form of NHf and/or urea. In sum-
mary, this relation may be expressed as:
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PON, + Py, = PON, + Py, (3)
and

APON = AP (4)

where PON, and PON, = initial and final particulate
nitrogen concentrations; Pr and Py = initial and final
DIN + urea concentrations; APON = PON, — PON,;
APr = Pr, — Pp. Deviations from this model are
instructive as they provide information concerning ni-
trogen cycling and its transformation in aquatic sy-
stems. From our data it is apparent that additions and
losses of nitrogen are occuring and that this trend is
consistent within the frontal and stratified com-
munities.

The discrepancies between APON and APy (Table 6)
in frontal water indicate that nitrogen is being lost
from the system. Given our precision and accuracy for
determining the concentration of the different dissol-
ved nitrogen fractions (see ‘Methods’) we argue that
nitrogen losses are occurring from the PON compart-
ment. Changes in PON for the "NOj spiked samples
from frontal water, as predicted by "N uptake (ZVi),
are not significantly different from the measured val-
ues (APON) (paired t-test, p > 0.05). Thus the incorpo-
ration of ®N into particulate matter accounts for the
increase in PON. The discrepancies between APON
and £V in the NH} and urea-spiked samples are, in
part, a consequence of the simultaneous uptake of
unlabelled NOj and its contribution to PON. Further
statistical analysis of the data from the NO3 spiked
samples showed that the hypotheses AP+ = SV} and
APt = APON must be rejected (p < 0.05 and p < 0.05).
Therefore, because APy > APON and XV}, we are
forced to conclude that the lost PON is labelled with
15N and that it has the same isotopic composition as the
dissolved NOj. Furthermore, our results suggest that
nitrogen losses from the PON pool can be most easily
explained by excretion or grazing losses to a dissolved

/

organic pool (DON). The alternative explanations, that
PON or DON is lost directly via methodological
artifacts, are untenable for the following reasons. The
effective retention size of Whatman GF/F filters (0.7
um) is sufficient to have caught all of the large chain-
forming diatoms which dominated the frontal water.
Phytoplankton samples collected on 0.2 um Nucle-
pore® filters and examined with a Zeiss epifluoresc-
ence microscope showed that there were no
chlorophyll-containing organisms less than 2 pm and
that bacterioplankton were greater than 1 um. Sec-
ondly, the low filtration pressure differential (< 125
mm Hg) would have minimized cell lysis on the filter,
and in the stratified water, dominated by soft-bodied
flagellates, loss of nitrogen was not seen. Feeding
zooplankton have been shown to contribute to the
dissolved organic carbon pool by loss of phytoplankton
cell contents during handling and feeding (Lampert
1978). The high zooplankton biomass in the frontal and
stratified stations suggests that such processes may
have contributed to the loss of PON, as DON, during
our incubations, although it is not clear why similar
losses were not seen in the stratified station. Addition-
ally, active excretion of DON by phytoplankton has
been reported (Newell et al. 1972, Mague et al 1980).
The interpretation of our results is consistent with the
analysis by Laws (1984) that losses of **N seen in these
data and from previously published results could be
attributed to losses of DOYN, at least for experiments
lasting 6 h.

In stratified water the differences between APON
and AP are exactly opposite to the results from the
frontal station. Anomalously high PON values indicate
the phytoplankton must be utilizing additional nitro-
gen sources other than those we accounted for in the
initial mass balance. These compounds are most prob-
ably DON as the nitrogen fixing microorganisms were
absent from our samples. In the 'NH} spiked samples
SV4 is in good agreement with APON suggesting that
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no additional nitrogen was required to account for the
increase in PON; also, at the end of the experiment,
APy is the same as APON. Clearly this is not true for
the 'NOj and ’N-urea-spiked samples but reason(s)
for this difference are not apparent.

Characterization of seawater DON remains an
enigma and current estimates suggest that free and
combined amino acids and humic acids can account for
only 50 % of the DON pool (Sharp 1983). Wheeler et al.
(1974) and Geesey & Morita (1979) have shown that
these types of compounds can be utilized by marine
phytoplankton and bacteria, respectively. Similarly,
Hollibaugh (1978) has reported degradation of several
amino acids in natural seawater samples incubated in
the dark. Support for in situ DON utilization is scarce,
but indirect evidence from depth profiles in the Indian
Ocean (Fraga 1966) and work by Armstrong et al.
(1966) showed surface depletion of DON relative to
deep samples. More significantly, Fisher & Cowdell
(1982) have reported 8 diatom clones which were able
to utilize at least some natural DON. We have schemat-
ically depicted simplified nitrogen cycles in frontal
and stratified water in Fig. 7. Our results, however, do
not enable us to distinguish between direct utilization
of DON or indirect utilization via regenerated NH;
and/or urea in stratified water.

Acknowledgements. We gratefully acknowledge the assist-
ance of H. M. Dovey, G. J. Doucette and Dr. J. S. Parslow.
Thanks also to the officers and crew of the C.S.S. "Vector'.
This research was supported by a Strategic Grant from the
Natural Sciences and Engineering Research Council of
Canada awarded to Drs. P. J. Harrison and T. R. Parsons. N.
M. P. received funding from a N. S. E. R. C. postgraduate
scholarship and a Killam predoctoral fellowship and W. P. C.
received funding from a Graduate Research, Engineering and
Technology scholarship from the province of B. C. We also
acknowledge a grant from the Max Bell Foundation for the
purchase of a computer that was used on board to collect
nutrient data.

LITERATURE CITED

Armstrong, F. A. J., Williams, P. M., Strickland, J. D. H.
(1966). Photo-oxidation of organic matter in sea water by
ultra-violet radiation, analytical and other applications.
Nature, Lond. 211: 481-483

Bienfang, P. K. (1875). Steady state analysis of nitrate-
ammonium assimilation by phytoplankton. Limnol.
Oceanogr. 20: 402411

Bienfang, P. K., Harrison, P. J,, Quarmby, L. M. (1982). Sink-
ing rate response to depletion of nitrate, phosphorus and
silicate in four marine diatoms. Mar. Biol. 67: 295-302

Blackburn, T. H. (1979). Method for measuring rates of NH/}
turnover in anoxic marine sediments, using ?"N-NH} dilu-
tion technique. Appl. environ. Microbiol. 37: 760-765

Blasco, D. (1978). Observations on the diel migration of
marine dinoflagellates off the Baja California coast. Mar.
Biol. 46: 41-47

Blasco, D, Conway, H. L. (1982). Effect of ammonium on the

regulation of nitrate assimilation in natural phytoplankton
populations. J. exp. mar Biol. Ecol. 61: 157-168

Caperon, J., Ziemann, D. A. (1976). Synergistic effects of
nitrate and ammonium ton on the growth and uptake
kinetics of Monochrysis lutheri in continuous culture.
Mar Biol. 36: 73-84

Caperon, J., Schell, D., Hirota, J., Laws, E. (1979). Ammonium
excretion rates in Kaneohe Bay, Hawaii, measured by a
15N isotope dilution technique. Mar. Biol. 54: 33-40

Chisholm, S. W (1981). Temporal patterns of cell division in
unicellular algae. In: Platt, T. (ed.) Physiological bases of
phytoplankton ecology. Can. Bull. Fish. Aquat. Sci. 210:
150-181

Cochlan, W. P. (1982). Uptake and regeneration of nitrogen
on the Scotian Shelf. M. Sc. thesis, Dept. Oceanogr.,
Dalhousie Univ. Halifax

Cochlan, W. P. (in press). Seasonal study of uptake and
regeneration of nitrogen on the Scotian Shelf. Cont. Shelf.
Res.

Collos, Y., Lewin, J. (1974). Blooms of surf-zone diatoms along
the coast of the Olympic Peninsula, Washington. IV.
Nitrate reductase activity in natural populations and
laboratory cultures of Chaetoceros armatum and
Asterionella socialis. Mar. Biol. 25: 213-221

Collos, Y (1983). Transient situations in nitrate assimilation
by marine diatoms. 4. Non-linear phenomena and the
estimation of the maximum uptake rate. J. Plankton Res.
5: 677-691

Conway, H. L. (1977). Interactions of inorganic nitrogen in the
uptake and assimilation by marine phytoplankton. Mar.
Biol. 39: 221-232

Conway, H. L., Harrison, P. J., Davis, C. O. (1976). Marine
diatoms grown in chemostats under silicate or ammonium
limitation. II. Transient response of Skeletonema costatum
to a single addition of the limiting nutrient. Mar. Biol. 35:
187-199

Conover, S. A. M. (1975). Nitrogen utilization during spring
blooms of marine phytoplankton in Bedford Basin, Nova
Scotia, Canada. Mar. Biol. 32: 247-261

Cresswell, R. C., Syrett, P. J. (1979). Ammonium inhibition of
nitrate uptake by the diatom, Phaeodactylum tricornutum.
Pl Sci. Lett. 14: 321-325

Cullen, J J., Horrigan, S. G. (1981). Effects of nitrate on the
diurnal vertical migration, carbon to nitrogen ratio and the
photosynthetic capacity of the dinoflagellate Gym-
nodinium splendens. Mar. Biol. 62: 81-89

Dortch, Q., Conway, H. L. (1984). Interactions between nitrate
and ammonium uptake: variation with growth rates, nitro-
gen source and species. Mar. Biol. 79: 151-164

Dortch, Q., Clayton, Jr. J. R., Thoresen, S. S., Bressler, S. L.,
Ahmed, S. 1. (1982). Response of marine phytoplankton to
nitrogen deficiency: decreased nitrate uptake vs
enhanced ammonium uptake. Mar. Biol. 70: 13-19

Dugdale, R. C., Goering, J. J. (1967). Uptake of new and
regenerated forms of nitrogen in primary productivity.
Limnol. Oceanogr. 12: 196-206

Eppley, R. W., Coatsworth, J. L. (1968). Uptake of nitrate and
nitrite by Ditylum brightwellii — kinetics and mechanisms.
J. Phycol. 4: 151-156

Eppley, R. W., Packard, T. T., Maclsaac, J. J. (1970). Nitrate
reductase in Peru current phytoplankton. Mar. Biol. 6:
195-199

Eppley, R. W., Carlucci, A. F., Holm-Hansen, O., Kiefer, D.,
McCarthy, J. J., Venrick, E., Williams, P. M. (1971a).
Phytoplankton growth and composition in shipboard cul-
tures supplied with nitrate, ammonium, or urea as the
nitrogen source. Limnol. Oceanogr. 16: 741-751



52 Mar. Ecol. Prog. Ser. 27: 39-53, 1985

Eppley, R. W, Rogers, J. N., McCarthy, J. J. Sournia, A.
(1971b). Light/dark periodicity in nitrogen assimilation of
the marine phytoplankton Skeletonema costatum and
Coccolithus huxleyi in N-limited chemostat culture. J.
Phycol. 7: 150-154

Eppley, R. W., Renger, E. H. (1974). Nitrogen assimilation of
an oceanic diatom in nitrogen-limited continuous culture.
J. Phycol. 10: 15-23

Fiedler, R., Proksch, G. {1975). The determination of nitrogen-
15 by emission and mass spectrometry in biochemical
analysis: a review. Analytica chim. Acta. 78: 1-62

Fisher, T. R., Carlson, P. R, Barber, R. T (1981). Some prob-
lems in the interpretation of ammonium uptake kinetics.
Mar. Biol. Lett. 2: 33-44

Fisher, T. R., Carlson, P. R., Barber, R. T. (1982). Carbon and
nitrogen primary productivity in three North Carolina
estuaries. Estuar coast. Shelf Sci. 15: 621-644

Fisher, N. S., Cowdell, R. A. (1982). Growth of marine plank-
tonic diatoms on inorganic and organic nitrogen. Mar.
Biol. 72: 147-155

Floodgate, G. D, Fogg, G. E., Jones, D. A, Lochte, K., Turley,
C. M. (1981). Microbiological and zooplankton activity at
a front in Liverpool Bay. Nature, Lond. 290: 133-136

Fraga, F. (1966). Distribution of particulate and dissolved
nitrogen in the Western Indian Ocean. Deep Sea Res. 13:
413-425

Geesey, G. G., Morita, R. Y. [1979). Capture of arginine at low
concentrations by a marine psychrophilic bacterium.
Appl. environ. Microbiol. 38: 1092-1097

Glibert, P. M. (1982). Regional studies of daily, seasonal and
size fraction variability in ammonium remineralization.
Mar. Biol. 70: 209-222

Glibert, P. M., Goldman, J. C. (1981). Rapid ammonium
uptake by marine phytoplankton. Mar. Biol. Lett. 2: 25-31

Glibert, P. M., Goldman, J. C. Carpenter, E. J. (1982a). Sea-
sonal variation in the utilization of ammonium and nitrate
by phytoplankton in the Vineyard Sound, Massachusetts,
USA. Mar. Biol. 70: 237-249

Glibert, P. M., Lipschultz, F., McCarthy, J. J., Altabet, M. A.
(1982b). Isotope dilution models of uptake and reminerali-
zation of ammonium by marine plankton. Limnol.
Oceanogr. 27: 639-650

Goering, J. J., Dugdale, R. C., Menzel, D. W. (1964). Cyclic
diurnal variations in the uptake of ammonia and nitrate by
photosynthetic organisms in the Sargasso Sea. Limnol.
Oceanogr. 9: 448—451

Goldman, J. C., Taylor, C. D., Glibert, P. M. (1981). Nonlinear
time-course uptake of carbon and ammonium by marine
phytoplankton. Mar. Ecol. Prog. Ser. 6: 137-146

Harrison, W. G. (1980). Nutrient regeneration and primary
production in the sea. In: Falkowski, P. G. (ed.) Primary
productivity in the sea. Plenum Press, New York, p.
433-460

Harrison, W. G. (1983). Use of isotopes. In: Carpenter, E. J,
Capone, D. G. (ed.) Nitrogen in the marine environment.
Academic Press, New York, p. 763-807

Harvey, W A., Caperon, J. (1976). The rate of utilization of
urea, ammonium, and nitrate by natural populations of
marine phytoplankton in a eutrophic environment. Pacif.
Sci. 30: 329-340

Hattori, A (1982). The nitrogen cycle in the sea with special
reference to biogeochemical processes. J. oceanogr. Soc.
Japan. 38: 245-265

Hollibaugh, J. T (1978). Nitrogen regeneration during degra-
dation of several amino acids by plankton communities
collected near Halifax, Nova Scotia, Canada. Mar. Biol.
45:191-201

Holligan, P. M., Williams, P. J. le B,, Purdie, D., Harris, R. P.
(1984). Photosynthesis, respiration and nitrogen supply of
plankton populations in stratified, frontal and tidally
mixed shelf waters. Mar. Ecol. Prog. Ser 17: 201-213

Holligan, P. M., Pingree, R. D., Mardell, G. T. (1985). Oceanic
solitons, nutrient pulses and phytoplankton growth.
Nature, Lond. 314: 348-350

Horrigan, S. G., McCarthy, J. J. (1981). Urea uptake by phyto-
plankton at various stages of nutrient depletion. J. Plank-
ton Res. 3: 403-414

Horrigan, S. G., McCarthy, J. J. (1982). Phytoplankton uptake
of ammonium and urea during growth on oxidized forms
of nitrogen. J. Plankton Res. 4: 379-389

La Roche, J. (1983). Ammonjum regeneration: its contribution
to phytoplankton nitrogen requirements in a eutrophic
environment. Mar. Biol. 75: 231-240

Lampert, W. (1978). Release of dissolved organic carbon by
grazing zooplankton. Limnol. Oceanogr. 23: 831-834

Laws, E. (1984). Isotope dilution models and the mystery of
the vanishing '>N. Limnol. Oceanogr. 29: 379-386

Lehman, J. T., Scavia, D. (1982). Microscale nutrient patches
produced by zooplankton. Proc. natn. Acad. Sci. USA 79:
5001-5005

Maclsaac, J. J. (1978). Diel cycles of inorganic nitrogen
uptake in a natural phytoplankton population dominated
by Gonyaulax polyedra. Limnol. Oceanogr. 23: 1-9

Maclsaac, J. J., Dugdale, R. C. (1972). Interactions of light and
inorganic nitrogen in controlling nitrogen uptake in the
sea. Deep Sea Res. 19: 209-232

Maestrini, S. Y., Robert, J.-M., Turquet, I. (1982). Simultane-
ous uptake of ammonium and nitrate by oyster-pond
algae. Mar. Biol. Lett. 3: 143-153

Mague, T H., Friberg, E., Hughes, D. J.,, Morris, 1. (1980).
Extracellular release of carbon by marine phytoplankton;
a physiological approach. Limnol. Oceanogr. 25: 262-279

Malone, T. C., Garside, C., Haines, K. C., Roels, O. A. (1975).
Nitrate uptake and growth of Chaefoceros sp. in large
outdoor continuous cultures. Limnol. Oceanogr. 20: 9-19

McCarthy, J. J., Eppley, R. W. (1972). A comparison of chemi-
cal, isotopic and enzymatic methods for measuring nitro-
gen assimilation of marine phytoplankton. Limnol.
Oceanogr. 17: 371-382

McCarthy, J. J., Taylor, W. R., Taft, J. L. (1977). Nitrogenous
nutrition of the plankton in the Chesapeake Bay. 1. Nut-
rient availability and phytoplankton preferences. Limnol.
Oceanogr. 22: 996-1011

McCarthy, J. J., Goldman, J. C. (1979). Nitrogenous nutrition
of marine phytoplankton in nutrient-depleted waters. Sci-
ence 203: 670-672

Mitamura, O., Saijo, Y (1975). Decomposition of urea associ-
ated with photosynthesis of phytoplankton in coastal
waters. Mar. Biol. 30: 67-72

Mitamura, O., Saijo, Y (1980). In situ measurement of the
urea decomposition rate and its turnover rate in the Pacific
Ocean. Mar. Biol. 58: 147-152

Nelson, D. M., Conway, H. L. (1979). Effects of light regime on
nutrient assimilation by phytoplankton in the Baja
California and northwest Africa upwelling systems. J.
mar. Res. 37: 301-318

Newell, B. S, Dalpont, G., Grant, B. R. (1972). The excretion
of organic nitrogen by marine algae in batch and continu-
ous culture. Can. J. Bot. 50: 2605-2611

Olson, R. J., Chisholm, S. W. (1983). Effects of photocycles and
periodic ammonium supply on three marine phytoplank-
ton species. [. Cell division patterns. J. Phycol. 19:
522-528

Paasche, E., Kristiansen, S. (1982). Nitrogen nutrition of the



Price et al.: Nitrogen uptake in frontal and stratified communities 53

phytoplankton in the Oslofjord. Estuar. coast. Shelf Sci.
14: 237-249

Parslow, J. S., Harrison, P. J., Thompson, P. A. (1984a).
Development of rapid ammonium uptake during starva-
tion of batch and chemostat cultures of the marine diatom
Thalassiosira pseudonana. Mar. Biol. 83: 43-50

Parslow, J. S., Harrison, P. J., Thompson, P. A. (1984b). Satu-
rated uptake kinetics: transient response of the marine
diatom Thalassiosira pseudonana to ammonium, nitrate,
silicate or phosphate starvation. Mar. Biol. 83: 51-59

Parslow, J. S., Harrison, P. J,, Thompson, P. A. (in press).
Rapid changes in uptake kinetics in the marine diatom
Thalassiosira pseudonana (Hustedt): implications for
steady-state growth. J. exp. mar. Biol. Ecol.

Parsons, T. R, Stronach, J., Borstad, G. A., Louttit, G., Perry, R.
1. (1981). Biological fronts in the Strait of Georgia, British
Columbia, and their relation to recent measurements of
primary productivity. Mar. Ecol. Prog. Ser. 6: 237-242

Parsons, T. R., Perry, R. 1., Nutbrown, E. D., Hsieh, W., Lalli, C.
M. (1983). Frontal zone analysis at the mouth of Saanich
Inlet, British Columbia, Canada. Mar. Biol. 73: 1-5

Parsons, T. R., Dovey, H. M., Cochlan, W. P, Perry, R. I,
Crean, P. B. (1984). Frontal zone analysis at the mouth of a
fjord — Jervis Inlet, British Columbia. Sarsia 69: 133-137

Pingree, R. D., Pugh, P. R., Holligan, P. M., Forster, G. R.
(1975). Summer phytoplankton blooms and red tides along
tidal fronts in the approach to the English Channel.
Nature, Lond. 258: 672-677

Rees, T. A. V., Syrett, P. J. (1979). The uptake of urea by the
diatom, Phaeodactylum. New Phytol. 82: 169-178

Sharp, J. H. (1983). The distribution of inorganic nitrogen and
dissolved and particulate organic nitrogen in the sea. In:

Carpenter, E. J., Capone, D. G. (ed.) Nitrogen in the
marine environment. Academic Press, New York, p. 1-35

Simpson, J. H., Pingree, R. H. (1978). Shallow sea fronts
produced by tidal stirring. In: Bowman, M. J., Esaias, W. E.
(ed.) Oceanic fronts in coastal processes. Springer-Verlag
Berlin, Heidelberg, p. 29-42

Slawyk, G., Maclsaac, J. J. (1972). Comparison of two auto-
mated ammonium methods in a region of coastal upwel-
ling. Deep Sea Res. 19: 521-524

Strickland, J. D. H., Parsons, T. R. (1972}. A practical hand-
book of seawater analysis (2nd edn) Bull. Fish. Res. Bd
Can. 167, p. 185-192

Syrett, P. J. (1962). Nitrogen assimilation. In: Lewin, R. A.
(ed.} Physiology and biochemistry of algae. Academic
Press, New York, London, p. 171-188

Venrick, E. L., Beers, J. R., Heinbokel, J. F. (1977). Possible
consequences of containing microplankton for physiologi-
cal rate measurements. J. exp. mar. Biol. Ecol. 26: 55-76

Walsh, J. J., Whitledge, T. E., Kelly, J. C., Huntsman, S. A,
Pillsbury, R. D. (1977). Further transition states of the Baja
California upwelling ecosystem. Limnol. Oceanogr. 22:
264-280

Webb, K. L., Haas, L. W (1975). The significance of urea for
phytoplankton nutrition in the York River, Virginia. In:
Wiley, M. (ed.) Estuarine processes, Vol. 1. Academic
Press, New York, p. 90-102

Wheeler, P. A., North, B. B., Stephen, G. C. (1974). Amino acid
uptake by marine phytoplankters. Limnol. Oceanogr. 19:
249-259

Wood, E. D.,, Armstrong, F. A. J.,, Richards, F. A. (1967).
Determination of nitrate in seawater by cadmium-copper
reduction to nitrite. J. mar. biol. Ass. U.K. 47: 23-31

This paper was presented by Professor T. R. Parsons; it was accepted for printing on August 12, 1985





